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ABSTRACT

This paper both presents a 3D geometric model dfekh
structures based on technical data usually use#niited
cloth experts and a physically-based model for vketr
simulation. This physically-based model relies @ &irves
modelled as successions of spline segments. Iteéaghat at
each time step the curve shape conforms to itsnespli
definition, and thus that every property impliedthg nature
of the chosen spline model is verified. This facachieved
by the animation of the spline control points. Hoemr these
control points are not considered as material pdint as the
degrees of freedom of the continuous object. Thawkar
simulation suite encompasses topological and geaakt
modelling of the rest state, mechanical modellimglgding
stitches bindings) suitable for our custom simolatengine
based on Lagrange equations.

INTRODUCTION

Largely widespread in the main industrial secttns, use of
software for computer-aided design (CAD) remainsgimal
in the textile industry. These tools are rathedsel in the
“stitch field” because of the complexity of the #img
process and the computing power hitherto insufficid his
project, in collaboration with the French TextiledaApparel
Institute (I.F.T.H.), follows upon the two PhD tlessof J.M.
Nourrit and O. Nocent which introduced algorithmsda
models for knitted cloth simulation, both geomettig (yarn
trajectory, stitch interweaving) and mechanicallglaétic
behaviour, back and forth extension). This work siat
developing a software prototype for static and dyica
simulation dedicated to knitted cloth designerdsBoftware
will allow 3D modelling of knitted structures basexh
technical data usually used by knitted cloth expert
However, 1st of January 2005 marked the end of the
‘multifibore agreement’ of 1975, which imposed qute
emergent countries. Chinese textile exportationsatds
Europe then strongly increased in the first quaote2005.
An article of Radio France International published
internet the 25th of April 2005 announced a rait&3# %
for pullovers exportations and 183% for socks etqi@ms.
These statistics show clearly that the Europearitikgi
sector for clothing is struck hard by this competit Thus,

the future of knitting in France could, accordiny our
partners of the I.F.T.H, lie in technical knittinghe Textiles
of Technical Use (TTU) are textile materials ansaghigh
technical and qualitative requirements (mechanitermal
or electronic properties, durability and so on)feorng an
aptitude to them to be adapted to a technical fomcind its
environment. But the achievement of these requingsne
relies on an advanced technology based on a cotiqnéh
model of knitted structures.

CAD FRAMEWORK FOR KNITWEAR
CONCEPTION

Because of the complexity of knitted clothes, thireany
complete CAD solution adapted to knitted structuaeshis
time. The most recent works in modelling, such ¢ho$
Meipner and Eberhardt (Mgmner and Eberhardt 1998) for
example, remain limited to knitted structures wiimple
topologies, and without holding account of the naattal
characteristics of the yarn, nor of the fundamepsahmeters
of knitting (such as gauge or length of yarn absedrby a
stitch). In addition, the generated models are thoee-
dimensional and are used for diagrammatic repratens
limited to error control performed by specialists.

Anatomy of a stitch

A stitch is subdivided into three parts: its heagper part),
legs (middle part) and feet (lower part) (Figure 1)

Figure 1: Stitch Parts

Since a piece of knitting is being made of intened
stitches, one sees the face side of a stitch wiseleds are
visible whereas its head and feet are hidden (Eidia).
Conversely, one sees the reverse side of a sthem s legs
are hidden whereas its head and feet are visilidei@ 2b).
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Figure 2: Basic Knitting = Plain jersey.

The most basic piece of knitting is “jersey”: tladfic is fully
made of face stitches. As a consequence, one enlyface
stitches whereas the other side exhibits only s&vetitches.
The tuck stitches are obtained by doubling the hafathe
last manufactured stitch (Figure 3), thus producdhmegtying
usually used for full cardigan rib or half cardigén

P

N Tuck

Figure 3: Formation of a Tuck

From now, we will use the term tying to mean the
manufacturing process of knitting. When we menfatying
type, in addition to its name, we can use the ¥Yalg
diagrammatic notation (standard NF G 00-025) catlesl
“vermiculation” language by knitting professionals.is a
formalized description on point paper of the yasritpasses
around the needles. Point paper is a paper sheetatbwith
equidistantly spaced dots that are arranged irzbotal rows
and that represent the needles.

Reverse Stitck

Figure 4: Graph of tying: 1 and 1 rib

Crosses indicate the inactive needles:
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Figure 5: Graph of Tying: Derby Rib

When we do not carry out the same operations foh &ae
of stitches, we use a graph with several lines:

Reverse tuck stitc

Figure 6: Graph of Tying: Full Cardigan Rib

Our geometrical model of knitted cloth reliees dmeée-

dimensional spline curves representing the trajgaib each
yarn within the knitting. The 3D positions of caoitipoints

of these curves are mainly defined by the tyingt{yay of
knitting, such as for example jersey, rib, cabitelst and by
the geometrical and mechanical characteristicsef yarns.
Considering the huge variety of tying and yarns leyed by

the stitch industry, an automatic modelling toohecessary
to avoid using static libraries of objects (tooidigand

insufficient because of the large amount of tyiagly
combinations. In addition, the use of differenintyiwithin

the same knitting is responsible of stitches deédions,

which must be generated dynamically.

Starting from the work of M@ner et Eberhardt (Mpner

and Eberhardt 1998), we carry out a 3D modellingnitted

structures application. The stitches of knittingnsist of

interlaced loops of yarn. According to tying cormsid,

these loops can undergo more or less marked deiorma
Initially, we build an non deformed loop, such asaan
observe some in a jersey-based fabric, which isbtsic

tying of the knitting industry.

Figure 7: Bonding Points

In their article, Mefner et Eberhardt, according to
confidentiality constraints due to the industrispact of their
project, did not give much details about their wolke took
as a starting point their data structures and #iggh model.
On the other hand, face to the lack of preciseildetae
clearly did not reproduce their code and it was aat
objective. Indeed, if our starting point was thaiticle, our
ambitions are different: the software developedMsipner
et Eberhardt is a 2D visualisation tool not realbmpletely
realistic on the mechanical level since it wasrided for a
working station. For our concern, the objective are
aiming to is to obtain a fully 3D and physicallysieal model.
For a stitch, Mdlner et Eberhardt defined 4 contact points
(Bonding Point or BP). For us, when a Bonding Paint
generated (Figure 7), it is associated with itatre¢ position
inside the stitch (bottom left, top left, belowhitgor bottom
right) and with the needle bed on which it was wddfront
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or rear needle bed). The contact points thus napessible
to define the stitches geometry.

The first stage completed, the BP are placed whleling

account of the type of stitch and the neighboursfothe

operation carried out (transfer to opposite needi or shift
of a needle bed) but also of the gauge and spadingedle
beds.

The second stage consists in determining the tajeof the

wire within knitting: this operation mainly relies the tying
type (in the case of a face stitch, legs are omtogreas for a
reverse stitch, the head and the feet are viswagtituting

the fabric (the yarn radius is then supposed cat)sté/e use
cubic spline curves because of their simplicityhahdling

3D trajectories modelling.

The principal purpose of our application is thugseaweal the
knitting topology starting from yarn path notatidrawn on
our 3D modelling application (Figure 8).

Then we translate the drawing using an alphabehawe

created. The yarn path notation (or the “vermidoikgt

language) is quite universal since it is mainly duday

professionals of the knitting industry. This is Hrey

advantage compared to the software offMer et Eberhardt

(even if they could undoubtedly have made this rfincation
without too many difficulties) which received owsedata.
The various effects of knitting such as load, tfansand
shifts of needle bed, deactivation of needles, ¢Bn
generated. The alphabetical coding that we detemaniio
translate the “vermiculation” language in a kniftisefinition
text-based format is as follows:

«vermiculation»| Associated
symbol letter
Front Side Stitch Z; g
Rear Side Stitch ‘Q e
Front Side Tuck e v
Rear Side Tuck FON n
Transfer to Front l T
Needle Bed
Transfer to Rear T t
Needle Bed
Shift of Front
Needle Bed —> Of +— R
Shift of Front
Needle Bed — Of r
Inactive Needle X -

Table 1: Our alphabet

Note: shifts of needle bed can be made on the dgbn the
left, that is determined by the number which foldothe R or
r (if the number is positive the shift is done & many
needles towards the left if not the right-hand kide

Our application provides a fully interactive framaWw for
knitting modelling since it allows realtime 3D ngation to
relocate the knitting and to turn around. In additiif one
changes the content of the text file, the digitaltting is
updated immediatly.

AL WY

WV A
CAY A N 2\
FATPEATAT A A O R

CAS ANT AN

Figure 8: Our 3D Modelling Application.

Here is an example of a 3D digital 2x2 rib builorfr the
sequence below:

Figure 9: 2x2 Rib

PHYSICALLY-BASED MODELLING FOR
KNITWEAR SIMULATION

As cloth simulation is such an important mattermewus
solutions have been proposed. More precisely, nouser
solutions have been proposed in the case of wolah c
(Terzopoulos and Fleischer 1988, Breen et al 1994,
Eberhardt et al 1996, Volino and Thalmann 2000}, bat
surprisingly, very few deal with the case of kniawve
simulation. The fact that knitted cloth study isl sharginal
can easily be explained by the complexity of thigtéd cloth
structure of which the stitches fitting plays arportant part

in the global dynamic behaviour. This reflectiont gis to
develop a model for knitwear at the mesoscopic escal
meaning fibre scale (the mesoscopic scale consistan
intermediary scale between macroscopic and micpsco
scales). This choice seems to be justified and ebal
necessary. One could mention a similar work of Bt
(Meipner and Eberhardt 1998) which introduces a
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topological knitwear modelling tool more than antuat
knitwear simulation platform. A more recent papéiChen
et al. (Chen et al 2003) presents a knitwear mtigelrelies
on a skeleton surface made of masses and sprirgjsg U
appropriate energy functions, the model can be ateith
using the basic laws of dynamics. But, as the astbonfess,
this kind of modelling is not able to simulate tmetion of
cloth inferred by the yarns and their stitches ®uitwear
model is respectful of the intrinsic yarn propestienass
repartition and elasticity) and is the only oneediol take into
account the stitches structural complexity.

Since knitwear simulation must then rely on yarmd a
stitches modelling to ensure sufficient realism,rnya
mechanical modelling must encompass deformable
geometry, mass repartition along this geometry iatetnal
strains. Then stitches modelling can be achieveth wi
geometric constraints and/or external strains iradamn the
yarns.

Yarn modelling

The main geometric feature of the yarn lies in dtebal
shape defined by a three dimensional curve catiedviis.
Three dimensional parametric curves are importpics in
Computer Graphics and Computer Aided Geometric dpesi
(see (Watt 1989, Farin 1990) for example) as they loe
used to model manufactured objects such as ropesads,
thin bars and so on. Among these, curves calletintsy
defined as parametric functional combinations ofc@ibtrol
points encounter a real success in the Computeph@a
community for their modelling facilities. Their rmtos
interesting properties in the scope of yarn axisiefiong are
smoothness control, realistic shapes, and, maoail,dfmited
number of control points. This finite and limitedmber of
control points infers a related finite and limitedmber of
degrees of freedom (DoF) for the axis shape. Timef
number of DoFs is necessary in order to achievenagenical
animation.

At this stage yarns are curves whose shapes anerélistic
and suitable to numerical animation. To achieveaaical
modelling, one has to model mass repartition olrershape
and internal strains, leading to the “Dynamic Mater
Spline” entity (Remion et al 2000, 2001), also edlDMS.
We then recall the main features of our DMS model.
Numerous spline models have been proposed. Théssiiy
of the existing models eggs us on rendering our DMS
“generic’ to encompass as many existing spline rsods
possible. In this scope, the diverse models ofeeifamily
may be perceived as successions of one or moreegurv
(which we call “spline segments”) defined as paraime
functional combinations with a set of blending ftioies
h'(9 of a common set of 3D moving control poirst) .

The time dependent position of a point on such evecu
depends on its segment numpeand its parametric position
on this segmensJ[0,1]. The positionp; (s, t) is then given

by the following equation:

p,(s9= b (3a,(8 ®

As previously noted, dynamic animation of a splike-
object should preserve its geometrical propertiess dime.
One simple method then consists in animating theraob
points of the parametric curves.

This can be achieved with dynamic animation of male
control points. But we believe that the concentratof the
object mass on a discrete set of 3D points is listieaand
even more so if one remembers that some of thesgoto
points could not lie on the object for approximgtispline
curves.

Hence, we propose another method somehow similés in
assumptions to the D-NURBS proposed by D. Terzagoul
and H. Qin in (Qin and Terzopoulos 1996). These
assumptions consist in considering the control {goas the
degrees of freedom of the non-discrete (say “coptis”)
object. As mass repartition remains continuous,sehe
methods are more accurate than the more straighafdr
animation of a set of material control points.

In the particular case of spline like objects wasider that
thickness is negligible and, so, model mass refartasns
mass density functions (one per spline segment):

These mass density functions should not be coreidas
giving mass density per unit length but rather peit
parametric variation of. Hence the mass of a small pdst
at pointsin segment numbgris £ (s, t) [ds (Figure 10).

4 [0,1]xR - R

)

(st P u(sh
As spline segment lengths can evolve in time, timglies
that mass density per unit length can evolve to@neif
H;(s, 1) is actually invariant in time (this time invarianc
simply meaning that matter is not gliding along theve and
is tied to its parametric positicg).
But in (Nocent and Remion 2001), we propose a rser-
friendly’ definition of mass repartition based orpar unit
length densityp, (s,t). These two density functions can be

related according to the current DMS arc lengfs, t)
defined as:

ap,
—(u,t
65( )

|¢aozf du 3)

p,(sH=> b (9 ()
POy

p; (1,9

Mass around the positiom; s ¢, )
H;(s,)lds=p, (s y0dl

op.
where dl = a—‘ 6] sz ds
S

Figure 10: Mass Repartition for DMS.
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Initially, we used non linear elongation springstween
consecutive control points in order to simulateiinal strain
(Figure 11). Since (Nocent and Remion 2001), wenrang
able to deal with a continuous energy of defornmatiased
on the theory of elasticity for finite displacem&n(This
expression is fully compatible with our DMS modeiuch
more realistic and also numerically efficient.

The physically based model finally achieved; we fawe to
choose the dynamic equations most suited to it¥@aSince
it is continuous and non-rigid with a finite numhdrdegrees
of freedom (3n), analytic mechanics seem best cGutan
Euler or Newton/Euler formalisms dealing respedyiweith
material points and solids. We therefore chooseuse
Lagrange equations:

ao oq O @

O io[on, ab{xy 3

whereK is the kinetic energy functiorg’ (t) are the scalar
degrees of freedom an®@” is the power rating of the
external forces in the virtual movement instilled df .

o
@)

Figure 11: Elongation Springs.

In the peculiar case of DMS, Lagrange equations theld
to the following linear equations system of the nmkns

G (t):
Mg = Q DOaO{xy 3

ns 1 . ' 5
whereM, =35, 63 ) (90

The temporal integration of this system is a ctasi
mathematical problem, for which a set of well-known
solutions exists (Press et al 1992).

Knitwear modelling

Obviously the knitwear model conforms to the ideas
developed in the introduction. Thus, a piece otwaar is
modelled as series of yarns. Each yarn is defined BDMS
featuring its axis and further data featuring tdsea
properties. We choose to use Catmull-Rom splinas dhe
cubic interpolating curves. We use an enhancedoreisf
these curves where a tension parameter has beed swlthe
equation (Vince 1992).

In the case of yarn-based knitwear simulationgtinestion of
initializing position or shape isn't trivial. Thes@nitial

yarns” should be suitably intertwined to form thight
stitches. In fact one has to build a topologicaltgurate and
geometrically acceptable series of shapes, onedohn yarn.
Ideally these initial shapes should be mechanigafiyed to
enhance their geometrical accuracy under the lirstrains.
In fact, this initially constrained state could digtained after
a few step of dynamic animation starting from repod/e
thus chose, for the moment, to initialize in tlepase state.
The topologically accurate and geometrically acakelet
initialization is obtained by rough observation thé basic
knitwear feature: a jersey stitch.

If one examines the projection of a jersey piecknitting on
a plane parallel to the cloth, some interestingpprties of
the stitches appear, which can also be seen orreFitR.
Segments between points 3 and 5 are symmetrical fiaint
3 to the segments between points 1 and 3. Thes@dnts
correspond to the bonding points generated by & ol
described above. Moreover, the stitch presents »aal a
symmetry.

Figure 12: Stitch Symmetries.

So, we only have to build the planar geometry fpling
segments between points 1 and 3 to obtain theeestiitch
planar geometry thanks to those symmetries. Theraon
points positions are determined as a function ef yarn
thickness and the stitch density.

As shown in Figure 12, a stitch is made of 8 CakRolm
spline segments controlled by 11 points. Suchtehsis only
part of a yarn, and is adjacent to up two othéclstis along
its yarn. Obviously these adjacent stitches widrshsome of
its control points, nhamely points humbered 0, Ifo2the
preceding one and points 8, 9, 10 for the followarg. In
order to simplify, yarn warping from row to rowfi@rgotten
and each row oN stitches is modelled as a dedicated yarn
composed by I8 spline segments for a grand total oi+8
control points.

Rows intertwining is then obtained by a convenient
distribution of the elevations of control pointemad the third
dimension (Figure 13).

At this stage we have modelled knitwear as serfegams
(one for each row) with convenient initial shapesd a
intrinsic mechanical properties. Our model stiltka the
most significant feature of knitwear overall coloesithe
stitches bindings. These bindings are dealt wittoeting to
their implied yarns contacts.
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Figure 13: Stitches intertwining (yOz projection).

Contacts simulation uses jointly :

e Holonomial constraints aiming at preserving the
barycentrical coordinates of poin® and B, in,
respectively, £,B,C,) and &:B,C,) (Figure 14).

* Bi-directional springs set as in Figure 14,
preventing the yarns from interpenetrating each

other, and thus preserving the yarns relative
orientation:
Al A
—-.A2 { Fi
B, T /
B, !
C: =
G C,

Figure 14: Barycentrical Constraints and Orientafprings.

We know that this way of modelling contact betwgams is
not general enough especially in the case of stitdbad.
Remion introduced the concept of ‘free variablestmints’
which is an elegant way to formulate complex caists
equations. This theoretical framework was succégdiised
by Lenoir in (Lenoir et al 2004) to integrate dfigicontact
constraints in a surgery simulation. In a nearriytwe want
to use this kind of constraints for stitches bigdin

CONCLUSION

In this paper, we first presented a CAD framewodk f
knitwear conception based on an industrial stand@his
tool allows creating any kind of knitwear pattersing a
normalized technical language called the “vermicoie
language. A 3D visualization tool is also providedsee and
modify the knitwear structure in real-time.

In the second part, we reminded the different steipthe
creation of a physically-based model for knitweanf yarn
modelling to stitches bindings. This mechanical sloi$
already functional but only for a single knitweattern: the
jersey pattern.

In a near future, we aim to merge these two inddpen
modules in order to achieve a complete virtual qisqting

tool relying on technical data and able to simuldte
mechanical behaviour of virtual knitwear patterns.
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